Background: Understanding respiratory physiology can aid clinicians in diagnosing the cause of respiratory symptoms or shed light on drug delivery inhaler device optimisation. However, the sheer complexity of the human lung prohibits a full-scale study. Methods: In this study, a realistic respiratory airway model including large-to-small conducting airways was built. This airway model consists of subject-specific upper and lower airways, extending from nasal and oral openings to terminal bronchioles (up to the 15th generation). Based on the subject-specific airway model, topological information was extracted and a digital reference model that exhibits strong asymmetry and multifractal properties was provided. Inhalation flow rates 18 L/min and 50 L/min were adopted to understand inspiratory conditions subjecting to resting and light exercise inhalation modes. Regional airflow in terms of axial velocity and secondary flow vortices along the lung airway model was extracted. Findings: Obvious secondary flow currents were seen in the larynx-trachea segment and left main bronchus, while for the terminal conducting airway in the right lower lobe, the airflow tends to be much smoother with no secondary flow currents. Interpretation: This paper provides insights on respiratory physiology, especially in the lower lung airways, and will be potentially useful for diagnosis of lower airway diseases.
Introduction
The lungs are the largest and the only internal organ in the body that is constantly exposed to the external environment. Thus, the lungs are extremely vulnerable to infectious and toxic agents in the ambient air. Statistics indicate that respiratory diseases cause an immense health burden worldwide; around 235 million people currently suffer from asthma, more than 200 million people have chronic obstructive pulmonary disease (COPD), and more than 50 million people are struggling with occupational lung disease (Barnes et al., 2014) . Meanwhile, pathological changes, such as bronchial inflammation and airflow limitation, are commonly found in large and small airways with high prevalence rates (Hogg et al., 2017) .
Understanding the airflow characteristics in the lower lung airways provides insight on respiratory physiology and pathophysiology, and be potentially useful for diagnosis of lower airway diseases. Electrical impedance tomography suffers from poor spatial resolution, and is typically limited to measurements within a two-dimensional transverse slice (Frerichs, 2000; Victorino et al., 2004) . Magnetic resonance imaging (Ebert et al., 1996) and positron emission tomography (Musch et al., 2002) have been used for three-dimensional lung imaging. However, both techniques suffer from relatively insufficient spatial and temporal resolution, and require the introduction of contrast agents (Jannasch et al., 2009 ). Therefore, due to limitations in spatial and temporal resolutions, it remains challenging to study local airflow characteristics in the lower airways using experimental techniques.
Alternatively, numerical simulation of air-particle flow in the respiratory airways can resolve the regional airflow dynamics with sufficient spatial and temporal resolution (De Backer et al., 2008; Heenan et al., 2003; Inthavong et al., 2010a; Inthavong et al., 2010b; Xu et al., 2006) . By incorporating subject-specific geometric models derived from clinical images, personalised computer models are increasingly used among respiratory modelling studies (Dong et al., 2018; Inthavong et al., 2017; Shang et al., 2018) . Previous numerical simulations in pulmonary health have focused mainly on two aspects: establishing particle dosimetry model for inhalation toxicology (Koullapis et al., 2016; Luo and Liu, 2009) or drug delivery purposes (Inthavong et al., 2011; Kenjereš and Tjin, 2017; Yousefi et al., 2015; Yousefi et al., 2017) ; and understanding the airway structural effect on airflow dynamics (Inthavong et al., 2009) , such as sleep apnoea associated with obstructions in extra-thoracic airways (Cisonni et al., 2015) or airway obstructions in the intrathoracic airway (Sul et al., 2014) . In particular, progress has been made in the area of lung model reconstruction. Carson et al. (2010) developed an automated approach to perform image segmentation and loop removal based on a monkey's lung cast. Islam et al. (2017) used a 17-generation human pulmonary airway model for aerosol transport analysis. However, the model used tubularshapes (defined by diameters and lengths), which neglected surface irregularities, and transverse cross-sectional shape arrangements (Johari et al., 2015) . Kolanjiyil and Kleinstreuer (2017) proposed a whole-lung airway model based on a combination of subject-specific upper airways (from nose/mouth to the trachea with three generations of bronchial airways) and triple bifurcation units representing generations 4-15. Similarly, the airways subjecting to the triple bifurcation units were simplified into circular tubes to reduce computational effort and resources. More recently, Qi et al. (2018) numerically investigated the airflow patterns in the tracheobronchial tree among healthy and abnormal (subjects with tracheal bronchus) airway models. Their results showed the presence of the abnormal bronchus changes the airflow dynamics locally, while the overall airflow patterns remain relatively unaffected. While the overall study scope concentrated on the primary bifurcation, the study only covered the trachea and bronchial airways up to 4-5 generations.
Although numerical studies focusing on tracheobronchial airways have been quite successful, the sheer complexity of the human tracheobronchial tree has impeded detailed airflow simulations, and most airway models were significantly truncated. Corley et al. (2012) partially addressed this issue in their study, which incorporated rat, monkey, and human models encompass airway from the nose or mouth to pulmonary airways. Despite the most distal airway in their human airway model extended to 11th generation, the airflow dynamics along the respiratory tract remains less investigated as they focused on vapour uptake modelling.
This paper aims to explore the airflow dynamics in the respiratory airway tract without omitting the upper and lower connecting airways. A realistic airway model extended from the nasal and oral openings to the terminal bronchioles (up to 15th generation) was built. The influence of different inhalation flow rates was compared. Detailed airflow patterns can contribute in gathering baseline data towards a complete understanding of respiratory physiology and assist the practitioner in diagnosis of respiratory symptoms.
Method

The lung airway model
The lung airway model used in this study was reconstructed from computed tomography (CT) images of a healthy adult. Detailed model reconstruction and its verification can be referred from author's previous work (Dong et al., 2017; Shang et al., 2015) . The model (Fig. 1) includes a breathing zone, the upper respiratory tract (nasal and oral cavities, pharynx and larynx), and the lower respiratory tract (extends from the trachea to the terminal bronchioles up to 15th generation). The human bronchial tree consists on average of 23 generations (Tu et al., 2013) extending from trachea (generation 0) to the last order of terminal bronchioles (generation 23). Due to the CT image resolution restrictions (the pixel size is 0.7 × 0.7 mm), our current model can only include terminal bronchioles up to the 15th generation with the smallest equivalent diameter being 1 mm. The reconstructed airway model contains 128 outlets, and all bronchial airways in the current model are within the respiratory conducting zone.
Then, the airway model was meshed with polyhedral elements by ANSYS Fluent Meshing (ANSYS Inc., Lebanon, NH). Polyhedral meshes are less sensitive to element stretching than tetrahedral cells and have shown superior performance over tetrahedral cells (Spiegel et al., 2011) . Five prism layers were attached to airway walls and the number of polyhedral cells after mesh independence test was 2.9 million (Fig. 1) .
To explore local airflow patterns in detail, multiple transverse slices were taken along the respiratory tract:
• slices C1 to C10 extending from the nasopharynx to the end of trachea;
• slices R1 to R5 along the right main bronchus; • L1 to L4 along the left main bronchus and; • S1 to S8 from one of the segmental bronchus extending from the inferior lobar bronchus of the right lung.
Detailed slice locations were provided in Supplementary materials Section 2.
Numerical modelling
Two inhalation flow rates 18 L/min and 50 L/min corresponding to typical resting and light exercise inhalation conditions were used (Holmér et al., 2007; Taylor et al., 2018; Zhang and Kleinstreuer, 2011) via simultaneous oral-nasal breathing. Representative local Reynolds number, based on equivalent lumen diameter and local bulk velocity at slice C4 (the narrowest section in larynx), was calculated as 3007 and 8338 under light and higher inhalation conditions, respectively. Therefore, the k-ω SST model was chosen to simulate the laminar-toturbulent flow regimes. Previous inhalation studies (Kolanjiyil and Kleinstreuer, 2017; Zhang and Kleinstreuer, 2011) have demonstrated that it can accurately predict the transitional turbulence and particle transport in nasal and oral airway models as well as tracheobronchial airway bifurcations. For the respiratory airway, abrupt transition from laminar to turbulent flow only occurs at sections with sudden flow velocity changes due to airway lumen shape narrowing/expansion, such as the nasal valve in nasal cavity, the narrowed glottis opening in larynx. But, for flow approaching the airway entrance or terminal lobar airways, the flow usually remains laminar. Therefore, the flow turbulence level was set at very low level for both the inlet opening and lobar outlets (turbulence intensity = 1%).
The flow rate weighting in each of the five lobe bronchi was determined according to their lobar volume fractions (Horsfield et al., 1971) : 20% for the right upper lobe (RUL), 10% for the right middle lobe (RML), 25% for the right lower lobe (RLL), 20% for the left upper lobe (LUL), and 25% for the left lower lobe (LLL). The hemispheric surface of the breathing zone ( Fig. 1 ) was set as opening condition with 0 relative pressure, which enables a direct connection with atmosphere. All outlets were set as velocity outlet. For each lobe, its outflow velocity at all outlets was calculated as = V Lobar volume flow rate Total area of all outlets within this lobe . The airflow was considered an incompressible flow (i.e. constant air density) and a no-slip boundary condition was imposed at the walls. All numerical simulations were conducted by using ANSYS-Fluent v17.0 (ANSYS Inc., Lebanon, NH), and the simulation convergence criteria was set as all residual values less than 10 −4 .
Results
The digital bronchial tree model
In this study, a digital bronchial tree model including key topological information of the airway tract was extracted based on the reconstructed respiratory airway model. Note the current digital model does not fully cover the subject-specific airway model. At this stage, only the centrelines of the trachea, left and right main bronchi, and the primary airway of each lobe were processed. To explore the distal airway anatomy and its relationship with internal flow patterns, the RLL was selected as a representative lobe for detailed luminal size description. The digital bronchial model along with spatial coordinates of key vertices and equivalent airway radius were provided in Supplementary materials Section 3.
In clinical practice such as navigated bronchoscopy, extracted airway centreline can provide simplified preview of the airway structure, and indicate the path during navigation by aligning the positioning system to CT images (Hofstad et al., 2014) . Furthermore, airway centrelines together with vertices and transverse slice size information can be used to derive replica models of the human lung, which may play critical roles in many applications where anatomically correct airway models are needed. Therefore, this digital bronchial tree model can serve as a digital reference model for the research community.
Fluid dynamic results -primary flow patterns
In this section, the airway surface pressure, streamlines, and turbulent kinetic energy distribution were analysed. Fig. 2 compares the airway surface pressure distribution between low and high inhalation conditions. The surface pressure shows a significant decrease in the nasal and oral cavity, compared to the lower respiratory tract. Relatively high surface pressure is observed at the anterior nose and oral passages, and the flow undergoes rapid pressure drop when passing through the pharynx. Therefore, the resistance to airflow through the nasal and oral cavities is a major component of the total airway resistance during inhalation (Schiratzki, 1965) . The lowest surface pressure occurred at the glottis opening (the narrowest section of the upper airway indicated by the red arrow), located at the larynx region. For adults, this is the vocal cords (Holzki et al., 2017) . The maximum pressure drop under the light inhalation condition (18 L/min) was approximately 60 Pa. For the intense inhalation scenario (50 L/min), the maximum pressure drop was 360 Pa, which is six times greater. Due to image resolution restriction, the present lung airway model could not include all conducting airways. Despite this limitation, the predicted pressure drop remains valid as rational lobar flow rate partition was applied according to lobe volume fractions.
Flow streamlines are depicted in Fig. 3 . To optimise visualisation of flow patterns, the number of streamlines released was reduced and this caused some distal lobes not being reached. Results showed that recirculation was prevalent in the oropharynx, supraglottic region, and (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) subglottic region (indicated by red circles). This is mainly attributed to the narrowed airway, and accelerated flow produces the so-called laryngeal jet (Lin et al., 2007) formed as the flow passes through the glottis. The jet impinges on the posterior airway space and creates flow separation and recirculation patterns anteriorly. For flow rate of 18 L/ min, the laryngeal jet velocity is around 8 m/s, and increases to 20 m/s for inhalation flow rate of 50 L/min. These flow patterns contribute towards regulating respiratory flow dynamics and particle deposition, and significant differences are found between realistic and approximate tracheobronchial airway models .
Due to page space limitation, additional turbulence kinetic energy (TKE) information was provided in Supplementary materials Section.
Fluid dynamic results -secondary flow patterns
Secondary flow patterns within the pharynx (C1 to C3), larynx (C3 to C5) and trachea (C5 to C10) sections are shown in Fig. 4 . By applying streamlines on a plane, secondary flow features such as secondary flow direction and vortices can be visualised. Results shown in C1 to C3 suggest that the airflow undergoes significant flow variation on both axial and secondary directions when passing the pharynx. Multiple vortices at slice C2, and C3 indicate the presence of flow separation and recirculation, due to abruptly enlarged airway lumen. From slice C3, the airway bends forward, and directs the bulk flow anteriorly. As a result, eccentrically concentrated airflow (coloured in red) is observed along the posterior side of C3 and C4. A single vortex is formed at the anterior side of C4, which corresponds to a major flow recirculation region (the bottom red circle as shown in Fig. 4) . The airway segment C4 to C5 diverges and the bulk flow velocity slows down, leading to the formation of vortices along the posterior wall. As the longest segment, the trachea section (C5 to C10) undergoes continuous lumen shape variation. The narrowest portion of the trachea is found at slice C7 which shows a considerable reduction. Due to enlarged lumen size between C7 and C8, a major vortex is formed in the posterior side of slice C8, which indicates the presence of flow separation at this region.
Streamline patterns remained similar between the two inhalation flow rates, but the axial velocity distributions and magnitudes were quite different. For low inhalation case (Q = 18 L/min, Fig. 4b ), peak velocity occurred posteriorly of C3 and C4 with magnitude around 7 m/ s. While for the higher inhalation case (Q = 50 L/min, Fig. 4c ), the velocity distribution pattern remained relatively unchanged, but the velocity magnitude increased to 18 m/s. The bulk flow concentrated along the anterior portion of the airway and cannot be treated as fully developed flow.
Detailed flow patterns in the left main bronchus was extracted and compared between the two flow conditions. Fig. 5 shows secondary flow patterns remain unchanged in slice L1 and L4 remain for the two inhalation conditions. The secondary flow currents in both slices followed the same directions, and two vortices (a major one near the outer wall, and a minor one close to the inner wall) were formed in slice L1, but no vortex was found in L4. The bulk flow at slice L1 and L4 exhibited similar velocity distribution patterns as the effects of secondary flow currents were minimal. At slice L1 (entering portal of the bronchus), the axial bulk flow concentrates along the inner bronchial wall, which corresponds to the flow dividing process. At slice L4 (the terminal of the bronchus), a more developed axial flow was observed with the main flow current concentrated within the inner half of the airway.
In contrast, flow is more disturbed in slice L2 and L3 due to the airway bending, and both axial bulk flow and secondary flow patterns were more sensitive to the change in inhalation rate. For light inhalation condition (Fig. 5b) , the bulk flow concentrates along the anterior wall and a large clockwise vortex was observed at the outer posterior corner of slice L2. The airflow undergoes significant change at slice L3, with two vortices are located anteriorly and posteriorly. The anterior vortex is dominant, with a counter-clockwise direction, while the posterior vortex is smaller with a clockwise direction. Due to the secondary flow motion, the axial bulk flow was pushed against the inner side of the airway, showing a U-shaped velocity distribution at slice L3. For flow under higher inhalation rate (Fig. 5c) , two vortices were seen at slice L2. Compared to the light inhalation rate case, the additional counter clockwise vortex appears close to the bottom inner wall side. Due to the presence of secondary flow current (initiating from anterior side to the posterior side of the airway), the axial bulk flow was pushed backwards. For flow passing slice L3, a more evenly distributed velocity pattern was observed. Different from the U-shaped velocity profile and two counter rotating vortices seen in Fig. 5b , the two vortices are significantly weakened and tend to vanish on both side of the airway. Due to page space limitation, comparable results in the right main bronchus can be found in Supplementary materials Section.
Lastly, axial flow and secondary flow patterns in the right lower lobe was presented in Fig. 6 . For the light inhalation case (Fig. 6b) , a relatively fully developed flow profile with core velocity around 2 m/s was seen at slice S1. In contrast, the flow field at slice S2 shows a much more disturbed pattern, where the axial bulk flow concentrates along the right side of the airway, and a clockwise vortex presents in the left posterior region. This is mainly due to the flow dividing between bifurcating branches occurred upstream of S2. For slice S3 to S8, no apparent secondary flow vortices can be found, and the axial bulk flow velocity is gradually slowed down to extremely low (0.5 m/s at S8).
For higher inhalation case (Fig. 6c) , besides the elevated core velocity (approximately 6 m/s, 3 times greater than the light inhalation rate case), the increased inhalation flow rate also leads to more disturbed flow patterns along the segmental airway. Specifically, two counter rotating vortices were seen at S2 and single counter clockwise vortex was found in S3 and S5, which suggests flow separation and recirculation occurring at the vicinity of these slices. This is mainly due to the increased flow inertia effect, and the bulk flow tends to continue its current direction and could not accommodate the airway curvature change rapidly. Despite the presence of upstream flow disturbance, the axial flow restores to a uniform flow state at S8 with a speed of 1 m/s.
Discussion
Respiratory inhalation exposure risks are closely related to the particle filtration of upper airway and whole lung diseases, where airflow dynamics plays an important role to sustain the patency and physiology of the respiratory airway. Regarding the fidelity and extent of the airway geometry, most past modelling studies have been limited either omitted the irregularity anatomy of the airway conduits, or ignored the role of the extra-thoracic upper airway structures. Indeed, both experimental and numerical predicted data on airflow dynamics in complete large-to-small conducting airways are limited.
To extract the topological information of human bronchial trees from medical images, Schmidt et al. (2004) adopted image processing algorithms and delineate a digital reference model for a human bronchial tree. Based on this reference lung model, Islam et al. (2017) numerically explored the pulmonary aerosol deposition characteristics in the 17-generation human pulmonary airway model. However, all airway segments were simplified as tubes with constant hydraulic diameters, and parabolic inlet velocity profile was applied at the inlet of trachea. In our current study, the trachea inlet location corresponds to most likely the slice C8 (Fig. 4a) . Due to the irregular shape of the trachea in our subject-specific model, the axial bulk flow concentrates to the anterior part of the airway, and apparent secondary flow currents and vortices were observed, which is quite different from the full developed flow assumption. Therefore, discrepancies in aerosol transport and deposition predictions are expected.
Understanding of secondary flows is necessary to assess the toxicological impact of inhaled particulate matter as well as optimising the design of inhalable pharmaceutical aerosols. This has long been recognised by researchers through particle image velocimetry experiments (Fresconi and Prasad, 2007) and numerical simulations (Hofmann et al., 2001; Sul et al., 2018) . However, most studies were based on approximate and truncated airway models, which may not be valid for subject-specific airway models. Kolanjiyil and Kleinstreuer Y. Shang et al. Clinical Biomechanics 61 (2019) [105] [106] [107] [108] [109] [110] [111] (2017) conducted numerical analysis of the air-particle dynamics in a whole-lung airway model. The whole-lung airway model consists of subject-specific airway segments and idealised airway segments. The subject-specific upper airway extends from oral cavity to the 3rd generation bronchi, while the remaining generations were represented by adjustable triple bifurcation units, where all irregular cross-sections have been modified to circular tubes. The flow field and secondary velocity vectors in their study showed flow with high velocity moved towards the inner wall of the bifurcation, and the secondary flow motion damped out and the velocity profile changed back to parabolic distribution when the daughter tubes become straight. Similar flow patterns were also observed in the current study. As seen in Fig. 6 , following the path of a segmental bronchi, the axial bulk flow firstly concentrates along the inner wall side (S2 and S3), then gradually changes back to much more developed profile (S7 and S8).
Research studies have indicated that axial diffusion and convective mixing (dispersion) play important roles in regional and total lung deposition of nanoparticles (Asgharian and Price, 2007; Zhang and Kleinstreuer, 2011) . However, detailed secondary flow information in upper and lower airway remains less investigated. The airflow patterns presented in this study further verified these findings by identifying secondary flow vortices along the respiratory tract. Obvious secondary flow currents were seen in the larynx-trachea segment and left main bronchus, while for the terminal conducting airway in the right lower lobe, the airflow tends to be much smoother with no secondary flow currents.
Although current steady flow assumption could not resolve all transient flow features, both primary and secondary flow patterns elaborated in present study remain valid time-averaged solutions of the realistic flow fields with transient breathing conditions. Another limitation is the only one airway subject was considered, and inter-subject variability cannot be included. Therefore, future work is needed to incorporate more extended respiratory airway models in exploring the commonalities and differences among different subjects, but it is beyond the scope of this paper.
Conclusion
An anatomical realistic lung model consists large-to-small conducting airways was built in this study. Based on the subject-specific lung model, the topological information was extracted and a digital reference model that exhibits strong asymmetry and multifractal properties was provided. Our results indicate the airflow dynamics is closely linked to the airway anatomy, and considerably discrepancies are expected if omitting all surface irregularities as applied in many tube-shaped lung models. Axial bulk flow and secondary flow in both upper and lower airway were provided in detail. For flow passing the upper airway segment, a sharp pressure drop with intense flow disturbance was seen at the vicinity of vocal cords (the narrowest section of the upper airway). For flow passing the left main bronchus, due to the upward bending, the bulk flow tends to concentrate along the inner wall side, and flow separation and recirculation are expected along the outer side. In contrast, the right main bronchus shows a quite different anatomy, which almost extends downwards directly. As a result, much more developed flow pattern was seen distal to the right main bronchus. Lastly, representative flow patterns in small conducting airways were manifested by a selected segmental airway from the right lower lobe. Flow patterns in the distal conducting airway showed the secondary flow currents were significantly reduced compared to upstream segmental airways.
The current work represents an important step towards predicating subject-specific airflow dynamics and aerosol deposition characteristics in the whole-lung with anatomically realistic geometry. With further development, the quantitative data provided by these studies will contribute in inhalation dosimetry and biological response analysis, and ultimately benefit the understanding and treatment of lung disease such Y. Shang et al. Clinical Biomechanics 61 (2019) 105-111 as asthma.
